The rate of oxidation to respiratory CO, of both carbon I of propionate and carbon 1 of glycine was decreased significantly in vitamin BIZ-deficient rats, to 50% and 82% of the control rate, respectively. The activity of the glycine synthase system was reduced during ritamin B,, deficiency to 25% of control activity. Serine hydroxymethyltransferase activity was similar for vitamin BIZ-deficient and control rats. Plasma glycine concentration in vitamin Bl,-deficient rats (253 16 nmol/ml) did not differ significantly from that of control rats (226 * 12 nmol/ml). Propionate oxidation was significantly impaired in biotin-deficient rats. However, this impairment, to 66% of the control rate, was not as large as that generated by vitamin B , , deficiency. In contrast to the result obtained in vitanijn BIZ-deficient animals, no significant decrease in glycine oxidation could be demonstrated in biotin-deficient animals Plasma glycine concentration of fasted biotin-deficient rats (339 * 26 nmol/ml) did not differ significantly from that of their controls (371 32 nmol/ml).
Speculation
Activity of the glycine synthase system is reduced in both the ketotic and nonketotic forms of hyperglycinemia. The decrease in glycine synthase system activity in vitamin B,,-deficient rats may be generated by a mechanism similar to that in ketotic hyperglycinePrinred in U.S.A. mia, and therefore vitamin BIZ-deficient rats may be useful to study this mechanism.
In 1961, Childs et al. (5) described a patient with a disorder with episodic vomiting, lethargy, ketosis, developnlental retardation, and hyperglycinemia and hyperglycinuria. Later studies demonstrated that this disease resulted from an inherited deficiency of propionyl-CoA carboxylase (ATP hydrolyzing) (EC. 6.4.1.3) (13) . Similar symptoms may be present in patients with a deficiency in methylmalonyl-CoA rnutase (EC. 5.4.99.2) (17, 19) and presumed P-ketothiolase deficiency (acyl-CoA:acetyl-Co C-acyl transferase, EC. 2.3.1.16) (9) . The role of these enzymes in propionate metabolism is shown in Figure I .
The defect in glycine metabolism in the different forms of ketotic hyperglycinemia appears to be secondary to the impairment in organic acid metabolism. The mechanism of interaction of organic acid metabolism with glycine metabolism is as yet unexplained. The major pathway for glycine degradation in mammals appears to be via conversion to methylenetetrahydrofolate and CO,, catalyzed by the glycine synthase system (EC. 2.1.2.10) (28) . The ketotic hyperglycinemia syndrome differs clinically from the metabolic disease, nonketotic hyperglycinemia. a disorder first described by Gerritsen et al. (7) . Nonketotic hyperglycinemia is characterized principally by severe mental retardation and caused by an inherited primary defect in the glycine synthase system (26) . In this report a possible animal model for the ketotic hyperglycinemia syndrome is proposed that can be used to study the interaction of organic acid metabolism with glycine metabolism in the intact animal. T o produce this animal model, rats were fed a diet deficient in vitamin BIZ. As shown in Figure I , propionyl-CoA carboxylase (enzyme (2)) and methylmalonyl-CoA mutase (enzyme (4)) are enzymes which depend on cofactors derived from the vitamins biotin and B,,, respectively. The activity of propio. nyl-CoA carboxylase has been shown to be reduced in rats fed a biotin-deficient egg white diet (2, 15) . Methylmalonyl-CoA mutase activity is reduced during vitamin BIZ deficiency in rats (20) . Thus, deficiency of biotin or of vitamin B,, generates an enzyme defect in propionate metabolism comparable with that found in the respective forms of ketotic hyperglycinemia, and may be a useful animal model for the investigation of glycine metabolism in this syndrome. The present investigation reports studies on the oxidation of propionate and glycine to respiratory CO, in rats fed diets deficient in biotin or vitamin BIZ and on glycine synthase system activity in virro in the livers of vitamin Bl,-deficient rats. The evidence to be presented here supports the use of vitamin Bl,-deficient rats as a possible animal model of ketotic hyperglycinemia. The biotin-deficient rats did not demonstrate an impairment in glycine metabolism. . The I4C-labeled glycine and serine were purified before use on a cation exchange resin. All radioactive compounds were mixed with amounts of the unlabeled compound to produce the desired specific activity and dosage.
MATERIALS AND METHODS

REAGENTS
Folic acid and vitamin B,, were obtained from Nutritional Biochemicals (31); biotin from Calbiochem (32); NAD, pyridoxal phosphate, dithiothreitol, and digitonin from Sigma Chemical Company (33); and 5,5'-dimethyl-1.3-cyclohexanedione (dimedone) from Eastman Kodak (34) . Tetrahydrofolate was synthesized from folate according to the method of Davis (6) . The purity and concentration of tetrahydrofolate was measured by quantitative conversion to 5,lO-methylidyne tetrahydrofolate using a molar extinction coefficient at 350 nm of 26 x lo3 (21) .
A N I M A L S A N D DIETS
The vitamin Bl,-deficient basal diet (formula of Jaffe and Elvehjem (14)) was purchased from Teklad Mills (35) . Two diets were prepared from the basal diet. The vitamin BIZ-deficient diet contained 995 g/kg basal diet, 5 g/kg L-methionine, and 10 mg/kg folate: the vitamin Bl,-supplemented diet contained an additional 50 pg/kg vitamin BIZ. Beginning at 25 days of age (day I ) , male Holtzman rats (36) were fed 10 g diet at the same time daily. The daily amount of diet was gradually increased to 14 g by day 15 and maintained at that level. The body weight during the series of in vivo CO, studies ranged from 100 to 150 g.
The biotin-deficient diet was purchased from Nutritional Biochemicals and was prepared according to the formula of Rubin et al. (22) . The supplemented diet contained 10 mg/kg biotin. Beginning at 25 days of age (day I), rats were fed 8 g of this diet at the same time daily. Experiments were performed after the rats were fed the diet for 2 6 3 6 days and weighed 1 0 0 1 2 5 g.
Excretion of respiratory l4COZ after injection of 14C-labeled compounds was used as a measure of the ability of the animals to catabolize the compounds. For analysis of respiration patterns, the rats were fed 5 g diet at the usual time. Three hours later 0.5 pCi in 0.10, 0.25, or 0.50 mmo1/100 g body wt of the I4C-labeled compound to be tested was injected intraperitoneally and CO, was collected at 10-or 15-min intervals. The percentage of the injected dose excreted as respiratory 14C0, in each 10-or 15-min fraction was determined as described previously (4) .
E N Z Y M E A S S A Y S
Enzyme assays in the livers were performed 1-3 weeks after completion of the respiration pattern experiments. Rats were fed 5 g diet at the normal feeding time, decapitated 2-3 hr later, and the livers were removed immediately and placed on ice.
For assay of glycine synthase, I g liver was homogenized in a Potter-Elvehjem homogenizer in 10 volumes cold 0.25 M sucrose, 10 m M Tris-HCI buffer (pH 8.0). The homogenate was centrifuged at 900 x g for 5 min at 4O. The 900 x g supernatant was centrifuged at 12,000 x g for 20 rnin to obtain a mitochondrial pellet. The mitochondria were resuspended in 0.25 M sucrose to a concentration of 80 mg protein/ml and then treated with digitonin by the method of Schnaitman and Greenawalt (23) ' Not significant. trifuged at 12,000 x g for 10 min. The supernatant was removed and discarded. The pellet was resuspended in 0.25 M sucrose to give a final protein concentration of approximately 10 mgjml. This suspension was assayed for glycine synthase activity.
Glycine synthase was assayed in a system similar to that of Motokawa and Kikuchi (18) . Assays were performed in triplicate in closed 25 ml conical flasks fitted with a plastic well suspended from the stopper (37) . In a final volume of 2.5 ml the incubation mixture contained: 125 pmol Tris-HCI buffer (pH 8.0), 0.625 pmol pyridoxal phosphate, 0.625 pmol NAD, 25 pmol dithiothreitol, 1.25 Clmol tetrahydrofolate, 25 pmol glycine containing 0.5 pCi of [I-'4C]glycine, and an aliquot of the digitonin-treated enzyme preparation containing 5-10 mg protein. All components except tetrahydrofolate and glycine were preincubated for 5 min at 37". The reaction was initiated by the simultaneous addition of tetrahydrofolate and glycine and the incubation was continued for 30 min. The center well contained 0.2 ml of I M hydroxide of Hyamine in methanol. The reaction was stopped by injection of 0. I ml of 10 N H , S 0 4 into the incubation mixture. The flasks were shaken for 1 hr after acidification to trap the released CO, in the Hyamine. Radioactivity in each Hyamine trap was counted in 10 ml Bray's scintillator (3). For the blanks, acid was added before incubation. The reaction rate was linear with enzyme concentration and time under these conditions. Serine hydroxymethyltransferase activity was measured by a modification of the method of Taylor and Weissbach (27) . The major modifications were the use of saturating levels of L-serine and pH 8.0. One gram of liver was homogenized in a Potter-Elvehjem homogenizer in 20 volumes cold 0.25 M sucrose, 10 m M Tris-HCI buffer (pH 8.0). Aliquots of the homogenate were assayed in triplicate. Blanks consisted of the homogenate heatinactivated for 5 min at 100°. The assay system contained 50 pmol potassium phosphate buffer (pH 8.0). 0.1 pmol pyridoxal phosphate, 40 pmol 2-mercaptoethanol, 0.8 pmol tetrahydrofolate, and 2 pmol L-serine containing 0.2 pCi of L-[3-14C]serine in an incubation mixture volume of 0.3 ml. Fifty microliters of water were added to each tube so that the final volume after addition of enzyme was 0.4 ml. The reagents were preincubated for 5 min at 37". The reaction was initiated by the addition of 50 pl homogenate and the incubation was continued for 15 min. The reaction was terminated and the H I 4 C H O isolated according to the method of Taylor and Weissbach (27) . The reaction rate was linear with enzyme concentration and time under these conditions. Propionyl-CoA carboxylase activity was measured by the method of Giorgio and Plaut (8) .
Protein was determined by the method of Lowry et a/. (16) using crystalline bovine serum albumin as a standard.
Quantitative amino acid analyses were determined using a BeckmanjSpinco automatic amino acid analyzer (24) .
RESULTS
The rate of oxidation of a loading dose of sodium [I-14C]propionate to respiratory 14C0, was examined as a measure of the extent of derangement of propionate metabolism in vivo in vitamin B,, deficiency. The respiration patterns for the vitamin B,,-deficient and control rats are illustrated in Figure 2 . Apparently oxidation of propionate depends on the vitamin B,, status of the animals. The total excretion of I4CO, in the first 40 min after injection of the dose of propionate for both groups of animals after 21 days on the diet is tabulated in Table I .
The cumulative I4CO2 excretion from [I-14C]glycine in the first 60 min after injection is shown in Table 1 . The rate of oxidation to respiratory CO, of both carbon 1 of propionate and carbon I of glycine was significantly decreased in vitamin BIZ-deficient rats. in agreement with earlier studies in this laboratory (4) . The rate of oxidation of L-[ring-2-14C]histidine to 14C0,, which is generally accepted as an index of folate deficiency, was unchanged, suggesting normal folate metabolism in the vitamin BIZ-deficient group.
The activity of the glycine synthase system (Table 2 ) was reduced during vitamin B,, deficiency. This is consistent with the oxidation of [I-14C]glycine to 14C02 by intact rats. Serine hydroxymethyltransferase activity was similar for vitamin BIZdeficient and control rats.
The concentration of glycine was measured in plasma from fasted rats which had been fed the vitamin BIZ-deficient diet or control diet. Plasma glycine concentration in vitamin B,,-deficient rats (253 * 16 nmoljml, n = 4) did not differ significantly from that of control rats (226 7t 12 nmol/ml, n = 7).
The ability of biotin-deficient rats to oxidize propionate and glycine in vivo was examined. In order to check the extent of biotin deficiency in rats fed the diet used in this study, a group of rats was fed the biotin-deficient or control diets a d libitum for 9 weeks, after which liver propionyl-CoA carboxylase activity was determined. It was found that the propionyl-CoA carboxylase activity, expressed per gram of liver, in biotin-deficient animals was about 12% of the activity of control animals. Maximal reduction of propionyl-CoA carboxylase to approximately 15% of control ' Not significant. activity within 3 weeks of feeding biotin-deficient egg white diets has been found by Arinze and Mistry (2) and Kosow and Lane (15) . Therefore the time period of 26-36 days was considered adequate for development of biotin deficiency in the following experiments, in which the rats were fed as described under Methods. Tahle The biotin control rats differed from the vitamin B,, control rats in plasma glycine concentration and in rate of oxidation of propionate and glycine. Because these two control diets differ in protein content and source, amount fed, and growth response elicited, metabolism of glycine, propionate, and other intermediates would not he expected to be comparable. The only valid comparisons are those between the deficient animals and their matched controls. (3) In vitamin BIZ-deficient rats. the activity of the liver glycine synthase system is reduced to approximately 25% of the control level. However, activity of liver serine hydroxymethyltransferase is unchanged. These results are comparable with those obtained from the liver of a patient with methylmalonic acidemia. which contained a normal activity of serine hydroxymethyltransferase but significantly reduced activity of the glycine synthase system (25).
It is not clear at this point whether the changes in the glycine synthase system activity reflect changes in enzyme (protein) concentration or the possible presence of inhibitors of enzyme activity which may have accumulated because of diminished methylmalonyl-CoA mutase activity in vitamin B,, deficiency. The identity of the possible inhibitors was not investigated in this work. Hillman et al. ( I I ) have demonstrated that glycine oxidation to C O , was markedly inhibited when cultured fibroblasts from a patient with P-ketothiolase deficiency were incubated with isoleucine. Further studies by Hillman and Otto (10) have suggested that a metaholite of isoleucine, perhaps tiglyl-CoA, inhibited the glycine-serine interconversion. Activity of serine hydroxymethyltransferase. which catalyzes this interconversion. was the same in vitamin Bl,-deficient rat livers as in control livers in vitro. It is possible that inhibition of this enzyme in vivo by an abnormal metaholite would not be detected in vitro under these assay conditions, in which saturating concentrations of tetrahydrofolate and serine were used. Under the conditions of the glycine synthase system assay, which employs a lower concentration of tetrahydrofolate, serine hydroxymethyltransferase activity might be inhibited. This could cause a decreased conversion of methylenetetrahydrofolate back to tetrahydrofolate, reducing the amount of this substrate present, and could lead to a lower glycine synthase system activity in the vitamin Bl,-deficient livzrs.
Vitamin BIZ deficiency in rats is not fully consistent with the ketotic hyperglycinemia syndrome in that the plasma glycine concentration in fasted vitamin BIZ-deficient rats is the same as that in vitamin B,,-supplemented controls. Elevated plasma glycine levels. however, are not a consistent feature of propionic acidemia (12) or methylmalonic acidemia (17) . Decreased glycine synthase system activity may he reflected in elevated plasma glycine levels only when residual activity is lower than that generated by vitamin B,, deficiency. A differential in plasma glycine concentration between vitamin BIZ-deficient and vitamin BIZ-supplemented animals might he generated experimentally by glycine loading.
SUMMARY AND CONCLUSION
Vitamin B,,-deficient rats demonstrate impaired oxidation of carbon I of glycine to CO, in vivo and a decreased liver glycine synthase system activity in vitro. Biotin-deficient rats do not demonstrate a reduced oxidation of carbon I of glycine to C O , in vivo. These results in vitamin BIZ-deficient rats are comparable with those observed in patients with ketotic hyperglycinemia.
